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This paper b hased primarily on results of a jolnt study condueted f.¢ NARA and the
AEC by industry. Prime contractor for the NANA study was Lockheod Missiles & Bpace

Co.; Arrojet-Ueneral Corp. rupported the study as o subeontractor.

Cortain information on

Brayton ¢ycle hardware and per{ormance wan supplied by the Aiftesearch Manufacturing
Divialon of tbe Garrett Corp.  The AEC contracior was Atomices International Divislon of
North American Aviation, ine.  Results of theso studiea have been reported in references 1
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STUDY OBJECTIVES

The study of the apjlication of reactor power
systems to manned hinar missions upon which
the present paper is based was instituted with
the following principal objectives:

(1) To evaluate the capabilities of the hard-
ware and techiology under development by the
SNAP-8 and associated programs.

(2) Toidentify and evaluate the major opera-
tional interfaces between a manned lunar-sur-
face mission and the feactor power systéms and
to determine the influence of each upon the
other.

(3) To determine desirable modifications to
t. SNAP-8 and other reactor power syuteins
to enhance their applicability t6 manned lunar-
sutface missions.

(4) To develop guidelines and design criteria

for ongoing reactor power technology develop-
ment programs.
In order to attsin the stndy objectives, con-
cepts were develuped and evalusted for integra-
tion into the insnned lunar mission of a SNAP-8
teactor, Rankine cycle system; a SNAP-8
reactor, thermoelecuric system; and a SNAP-8
resctor, Brayton cycle system. The major em-
phasis was on the SNAP-8 reactor, Rankine
cycle system. Although less emphasia was
placed on the thermoeleciric and Brayton sys-
tems, many results of ihe Rankine cycle work
are applicable to lunar-surface teactor power
systetiis in general.
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BACKGROUND

Over the past several years NASA a: d other
organizations have conducted studies of con-
cepts for extension of manned lunar exploration
beyond Apollo (vefs. 3 to 7). These concepts
have ranged from minor extensions of Apollo
systems to coneepts for semipermanent lunar
baser. Lunar bases that ean support about 12
men sppear feasible from the logistics standpoint
with uprated versions of the present Satumn V
and reasonable extensions of Apollo spacecraft
technology. Apolio Applieations Program (AAP)
missions currently under study are quite modest
extensions of the existing Apollo systems aimed
at attaining staytimes on the lunar surface of
up to about 12 days, and thése coneepts project
only a very fes are beyond the Apollo
missions,

AAP-class missions are expected to employ a
combination of solar cells and batteries for
power. Power requirements on the lunar surface
are on the order of 1 to 2 kilowatts, durations
are up to 12 days, and operations on the surface
will be revtricted to daytime. Studies of small
expendable bases (two to six nien with durations
of up to 2 or 3 mouths) have indicated that for
this lovel of activity, fuel-cell power is the best
choice. larger semipermanent bases are ex-
pected to require nucloar reactor power.

Prior studies of nuclear reactor puwer sys-
tems for lunar-base operations havo established
the basic feasibility of lunar wurface réactor
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power (r¢f. 8). The atudy in reference 8 is a
conceptual design of an optimized system not
based on technology presently in development,
t.id it assumed a requirement for power lovels
in excess of the capabilities of current tech-
nology such as SNAP-8, However, more recent
catimates of the power requirements for lunar-
base operations have indicated that the previous
power requirement estimates were too high.
NASA and the AEC currently have under
technology di velopment several systeins which
could be utilized for nuclear power production
on the lunsr surface or in other space environ-
ments. These include the SNAP-10A and
SNAP-8 family of sirconium-uranium hydride
reactors, the SNAP-2 and SNAP-8 mercury
Rankine turbo genérator systems, tho Brayton
cycle turho gencator systems, and direct
rediator end compact converter tliermoelectric
systems. A recent study directed by the
NASA Langley Research Center carried out
an investigation of the use of this teclinology
for providing power to a msnned orbital
laboratory (ref. 9). The study here reported
thn techmology base 4a mpport o bl
this &8s support for
future lunar tnissions. Wheress no such miis-
sions as those for this study are

presently planned, the lesd timhe required for
development of nuclear technology is quite long,
and the study therefore was timely in providing
missions application information to the tech-
nology development programs. The NASA
atid AEC spuce reictor power system tech-
nology progratus have utilited developiment
guidelines and ctitetia established primaarily
for unmanned applications. The presesics of
man in & mission application will have 4
substantisl impact on reactor power system
design criteris, operation téchniques, and devel-
opment requirements. Reliabilily, operating
modes, radiation levels, repair and maintenance
ca) o?' and mission integration considira-
tions unmanned mission cases will be
altéred.

ESTABLISHMENT OF MISSION MODEL

Lunar-bise concepts are generully sssociated
with thi¢ ides of catensive scientific miesion
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activity on the lunar surface. Deep geologio
core drilling, specisl laboratories utilising the
“hard” lunor vacuun, and large radio of
optical teloscopes are typical postulatend selen-
tific activities. The referanced advanced
studite have indieatod that these clasees of
missions could be conducted on the lunar
surface with a base crew of about 12 men.

The mission model was formulsted sround
concepta of a 6-t0<12-man semipermanent lunar
base developed by the aforementionad and
contemporary advanced misaion studies. These
studien have assumed use of the Saturn V
launich vehicle and appropiiate spacecraft hard-
ware for crew and logisties transport. Esti-
mates of required clectric power for such base
operations range from about 18 kWe to miore
than 100 kWe, with cstiniates above 30 kWe
generally amociated with assamption of some
sort of natural resources (e.g., pro-
pellant production) on the lunar surface.
Although resources processing ultimately may
be of importance for lunar operstions, it is
our opinion that this will not be the case for

the problem of supplying during the
hmrnﬁht:&cﬁtqmt-:-o:ﬂoﬁngdn
prittiary source of power must

period. alternate source could employ
rechargesble batteries or fud cells with a
regeneration plant powered by the solar cells
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TABLE }.—Groes Systems Characteristica Jor Delivery of 80 kWe for 1 Year on Lunar Surface

Hazdw, Enpendablen Tatal
Power system mass, 1::' %ﬂb plus nd::‘;fr‘:;
Y
Solar plus recharged batterles. .. ... ..coocneoconoanne 140 000 0 10700
Solar phis fuel cells. ..o cnr e desmsmunsane soanes 8 800 60 000 6 002
Bolar plun fuel cells with tegeneratlon. .. .oeecnevnenn- 86 000 0 at 000
Nucloar (BNAP-8). corcrerccencnncn A 24 000 0 1700

becsuse the regeneration prucess (electrolysls
plus liquefaction of reactants) is vather ineffi-
clent and the required solsr array becones var‘y;
large. Also, the regeneration plant itsell
very < implex and is ntore complex than sofme
of the nuclear powerplant coficepts investigated
in this study. As indicated by table 1, other
power concepts investigsted to date wte not
competitive in performaiico with nuclesr power
for gzoduction of electricity for a lunar-base
uperation.

Housekeeping Sunctions for suppott of a Junar
base require roughly ! kilowatt of electric power
fot each mian supported (ref. 10). This value
is to some extent depaident on the source of
electric power. With s nuclésr soutee, it is
econontics] to expend electric energy in order to
regenerate life-support expendables (e.g., water
und air). With a chemical soures of elestric
powez, this is not necessarily true, and some-
what less electric power per man will be re-
quired. Experimént programs and sarface
:rntiom will require additional power. The

setric power réquiremtents assumed for this
study aré summarized in tabls 2.

Logistics ' ‘very to the lunar surface was
postulated u. .ing sccomplished by an un-
manned flight modoof a hypothetical propultive
spacecraft called lunar landing vehicle (LLV),
lsunched to translunar trajectory by Satum V.
Figure 1 shows a typical LLV coneept. (This
eonuptbtypimldthmnndumdy;NASA
has no plans at present for initiating develop-
metit of an LLV.) The LLV flight mode is
entry into a lunat orbit, followed by descent snd

Foriemnpwd thi-wxdyd J‘?mlumt
was sssuinsd for the LLV. Mass required for

Tanug 2.—Typical Power Requiremenia for

18-Man Iunar Base
Joad Average
power, kWe
Housekooping ®. . ceovvconercveccncane 13
Deep drilling and trenching.....ccnee.. 4.5
External Hghting.. . e oo ecencncvocneae 8
Battery charging for various portable
CQUIPMEDL.cae e cunacacananncvacenne 2
Miscellanecus expériments. ...cccccesen 2
Subtotal..cceencracncconannan 28.8
10 percent design margin.. .. cccce.... 26
Tota)oeeeneconcccacacnccconnan 2|1

o Includes life support, communieations, and shelter
intcrns) lighting. » communien

support strusture must be subtracted

from this Sgure in ordzr to determine net pay-

load capability. Continued study of LLV

conicepts had indicated that the sbove payload
figure is quite convervative.

The lunar-base crew was assumed to occupy

within the sheltér. It was also assunted that no
sdvantage could be takén of lunat terrsin for
shidding between tho powerplant and the
shelters arid that the basé would be located at a
place near the lunar equatot, this area being

-

L.
it
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Unified
| instrument unit

Fiouns 1.—Early cargo stege lunar landing vohiele conoept.

10 000 hours or more of continuous operation.
The base crew staytime was fixed at a maximum
of 1 year for the purpose of analysis of shielding
and calculation of crew exposure to radistion
from all sources.

The radiation dose allowable to each astro-
naut on the lunar surface was based upon
criteria suggested by the NASA Manned Space-
craft Center. These criteria allow a maximum,
fractionated, annual, whole-body dose to the
astronaut of 100 rem and a single, acute dose of
SOrem. These criteris are reasonsble extrap-
olations of the Apollo criteria for longer
duration missions.

The total dose to the astronaut is the summs-
tion of the doses from the reactor sourcos and
from solsr flares and other natural sourves.
The solar-flave dose was selected on the basis

of a tradeoff analysis of base separation distance
frem the powerplant when the total astroraut
dose from all sources is maintainéd at 100 rem.
A solar-flare dose of 30 rem was selected, since
the separation distance from the power system
to the base sharply incréases for larger solar-
flare dosages. The maximum allowable dose
from the reacto? sources is 70 rem. Thiu ex-
posure allowance is allocated as: normal opera-
tion, 46 rem; maintenance and repair on the
powerplant, 24 rem. Additional shielding cn
the outer airlock of the lunar shelter (about
3000 pcunds) may be added in order to reduce
the solar flare dose t6 30 remn; it is assumed that
this outer airlock will be used as a storm
shelter in the event of a hazardous soler flarve.
A problem arises in the probabilities of incurring
exposure from various sources. The probabil.
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ity of incurring the dose within tha shelter from
the operating reactor is essent Iy 100 percent.
The probability of incurring o radiation doss
during maintenance and repeir will be smalles,
while the probability associated with the 30-rem
solar flare dose is in the l-percent range.
Therefore, the expected dose will be well below
the 100-rem limit. It could be reasomably
argued that the solar-flare dose allocation
could be set ut spproximately 100 rem at a
1-percent probability, thus avoiding the sdded
shielding in the shelter which this mission model
requires. However, a generally conservat ive
approach was used for this study.

Further coniribution to. the problem of
exposure ctiteria comes from the disagreement
" in the technical community regarding allowed

dose. Arguments nave been voiced ranging
from use of industrial standards to allowing
doses as high as 1000 rem per year. No
"universally accepted set of criteria exists.
In this study, a8 in many others dealing with
nuclear systems, shielding muss is highly
significant and the establishment of firm criteria
substantially at variance with those used herein
would change results and alter conclusions.

The power system may be landed on the lunar
surface up to 6 months before it is brought into
operational status. During the preoperational
storage period, the lunar base presumably will
be unoccupied and the crew will arrive at the
base prior to the power system’s being brought
to full power. The initial startup of the
powerplant will be scheduled for the lupar day
in order to minimize problems with thermal
conditioning of the system.

For the purpose of maintenance, repair, and
redundancy studies, it was assumed that, if the
nuclear power system fails, there will be a
backup emergency power system to permit
withholding a decision for 14 days as to aborting
the lunar-base mission. The backup power
system will bave the capability of assuring
survival of the crew but will not necessarily
permit continuance of any experiments. There-
fore, the maximum sllowable downtime of the
power system is 14 days. The power system
shoulit have the capability for restart during
the lunar night. It was further assumed that
a 2-day cooldown period with the resctor sub-

critical would be employed prior to manned
repair activities, This procedure substantially
reduces gamma-shielding requirements.

Surface mobility vehicles are assumed to be
available at the lunar base for purposes of
exploration, experimentation, aid in varicus
maintenance anc repair tasks, aiding an as-
tronaut in distress should he become stranded
somewhere on the lunar surface, and other
purposes. Two lunar scientific survey modules
(LSSM) (ref. 11) and one large mobile explors-
tion wehicle (vef. 12) were assumed. For
off-loading and radiator deployment tasks, the
large vehicle can be modified by mounting n
onboard crane oz other device.

In the absenco of any measurements or other
available data concerning the density and
composition of the lunar surface material, it
was assumed that the material is an anhydrous !
sandstone, rocklike surface constituted mainly
of silicon dioxide. A density of 1.6 gm/cm®
was assumed when the lunar material is used
in the form of block or bricks.

The evidence obtained from approximately 3
weeks of operation with the Surveyor I space-
craft indicates that the visible spacecraft sur-
faces show no noticeable covering of dust that
might be caused by either kunar surface ejecta
or electrostatic charges on the lunar surface.
Consequently, it was assumed that no significant
covering of lunar material will collect on any
external surfaces of the power system or on any
of its auxiliary structures during the mission.

The lunar thermal environment used as &
guideline for this study is specified in reference
13. The basis for the meteoroid environment
is given in reference 14. This reference was
used to obtain a working curve of single-thick-
ness aluminurn for various probabilities of no
puncture. ¥or epplication to the lunar mission,
the product of area: to be protected and time is

multiplied by 0.5 to account for shielding by
the Moon.

REACTOR AND SHIELD

16 present SNAP-8 S8-DH, core with 211
+ uents has beex operated for a 10 000-hour

i The shielding effectiveness of roil is sensitive to
hydrogen content; for conservatism, none was sssumed.

Do oo fe At "
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test at power lovels up to 600 kilowatts and
would be adequ.te for & I-year lifetime for
reactor power levels up to ahout 800 kWt.

A renctor core r than the S8-DR would
provide greater capability. The larger core can
be achieved by increasing the number of fuel-
moderator elements and the longth of the
S8-DR core. A 20-inch-long core made up of
241 fuei-moderator elements, which could be
produced by a minimal design change from the
present S8-DR core, provides a significant
increase in performance margins of the reactor
system. The reflector thickness and control
drum diameter have been reduced in order to
reduce the shielded volume. The design and
performance characteristics of the reference
redctor are shown in table 3. This reactor core

EXTRATERRESTRIAL HESOURCES

design was approved by the AEC as the rasctor
design for the lunar-base reastor power systems
for the purposes of the subject atudy. The
outlet NaK temperature from this core is
approximately 1300° F, and at 600 kWt the
reactor hus s design lifetime of approximately
20 000 houis,

Two shielding concepts were inveatigated for
the power syatem integration concepts studied.
The baseline concept was n 4w shield design
integrel with and completely surrounding the
reactor (fig. 2). The gamma-ray shield is com-
posed of tungsten and the neitron shield of LiH.
A tungsten shield in the shape of » hat was
placed around the power conversion system
containing the primary loop. The purpose of
this shield wns attenuation of the gamma-ray

TasLE 3.—Reference Reactor Design and Performance Characteristics

Design characteristics

Value
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Fiouas 2.—Lunar-base resctor alifeld assembly. SNAP-8 mercury Rankine system.

rediation from the radioactive NuK and from
possible fission produess in the primary NaK
loop, both during operation and during main-
tenance and repair after shutdown. Figure 2
shows the design concept.

The other concept was an “off-loaded” mode,
with the reactor assembly removed from the
LLV and buried in & hole prepared in the lunar
surface. Reactor burial to a sufficient depth
reduces the radiation dose rate at the surface to
acceptable levels for the power conversion sys-
tem during reactor operation and for the
astronauts after power system shutdown by
virtue of the shielding effect of the lunar soil.
Howaver, sdditional shielding is required be-

tween the reactor and primary loop to rejuce
the radiation to the primary loop commponents to
acceptablelevels. The design far the off-loaded
concept provided this added shielding as part
of the reactor and primary loop package.

INTEGRATION CONCEPTS

Three concepts for integration 6f the SNAP-8
mercury Rankine system were developed:
‘mw» d.ﬂoyd m. and off-loaded.
Al concépts employed the SNAP-8 cycle
shown in figure 3. For the mercury Rankine
system thére vas no sadvantege in radiator
deployment, since adequate radiator area was
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PARASITIC
LOAD RESISTOR REACIOR
4048 kot
nwv 1, WW0*F o )l.WF
——i PMA PRIMARY NaK LOOP|34,500 1b. b
45.5 psi :
BN |
exc o 2S\o 660°F
VALVE -
' J temetaatuRe
3 CONTROL
""" VALVE
4,970
b/
210°F
mmp 203F L 2L RADIATOR
e kw(?)
L/C RADIATOR 18.5 kw(t) PMA
Flavre 3.—Baseline SNAP-8 power system.
Performance summary LJ/C radiator heat rejected, kWt .___..____._. 18.%
Net reastor input to PCS, kWte......._ . ..... 404
Net electrical output (BOL), kWe. . _..._... 0 Availsble pressure drope
Net electrical output (EOL), kWe. ... ....... 3 HRL radiator, pef. . ... cciviiinnannannas 18
HRL radiator heat rejettad, kWL .. ... ... .. 338 L/Cradiator, pal. .o coooiieininnnnn 13

available with the integral mode in accordance
with payload envelope dimensions employed.
Radiator deployment was studied in view of
its potential application to & high-output
SNAP-8 and the thermoelectric and Brayton
systems. Two techniques were considered:
flexible tubing and assembly and welding of
rediator panels. Investigation of potential
techniques for semiautomatic welding of tubing
and pipe joints by astronsuts on the lunar
surface indicated that highly reliable welding
probably could be perfected. There is com-
paratively little exparience with flexible tubing
in liquid matal systems; it was felt that the
thin-wall nsture of flexible-tubing designs
would present léak hazards, and therefore the
welding spproach was selected. This selection
was conditional, since integral concepts were
chosen as preferred modes for ell systems.

The off-loaded SNAP-8 concept allows
delivery of two complete systems (two reactors,
etc.) on one Saturn V logisties flight, as a result
of greatly reduced shielding mass and reduced
separation distance. However, the estimated
sssembly and setup work required three suited
astronauts wetking 6 hours a day for 17 days.
Therefore, the off-loaded concept was rejected
in spite of its attractive mas characteristics.

The selected SNAP-8 iutegral configuration
inhovninﬁgun( To increas? the dssursnce

of mission success, redundancy is ineorponud

by connection of two complete power conversion
systems to the primary loop. The boilers are
in series in the primary loop, and this loop
contains & standby NaK pump. There are
two lubrication and eoolant loops; each cen
cool both pumps in the primary loop; and can
operate with éither power conversion systém.
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Frauas 4.—Detalled configuration of SNAP-8 ecncept selected.
1. Reattor and shiclding 15. NaK-pump motor assembly
2. Reactor cdntrol motors 18. Mereury pump
3. Lower walkway 17. Flow contyval valve
4. Primary loop and shiclding 18. Pump, oil (L/C Joop)
8. Tubulasr structure integral with HRL radiator 19. Pressure sphere (L/C and HRL loop)
. 6. Upper floor 20. Reservoir assembly (NaK)
7. HRL redistor 21. Reservoir assembly (i)
: 8. Tubular truse structute 22. Injection system (mercury)
9. #heet metal structure 23. Basket
- 0. Pole for basket 2¢. Insulation
¢ 11. LIC rediator integral with etructure 23. Theruial blaoket
: 12. Tuibine alteruator assembly 26. Aluminum sheet
13. Condenser 4v . AL extrusion with STL tube inesrt

. 14. Electrical equipment 28. Weld
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The two independent heat-rejection loops share
the sam2 radiator fins. Crew access and a
movable basket are provided in order to
facilitate manned maintenance and repair
during down periods.

The electrical control subaystem would be
transported to the lunar surface in one of the
crew shelters. Since the shelter must be
environmentally controlled during storage, this
arrangement avoids providing environmental
control for this equipment in the powerplant
durin;; a storage period. During setup opers-
tions, the electrical package is placed on the
lunar surface sbout 75 feet from the powerplant.
Tai distance satisfies thermal contral require-
ments and locates the package conveniently
for maintenance access.

The compact converter thermoelectric reactor
power sysiem is sthematically shown in figure
5. Before the coufiguration of this powerplant
was determined, parametric studies were made
of weight and radiator arta required versus
power delivered for a compact couverter (lead-
telluride) version and a direct-radiating (silicon-
germanium) version. Both systems were limited
by available rediator area (integral design) to
sbout 20 kWe delivered to the base. Deployed

SHIELDED —\
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S8 kwft)
1021°F

~
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o

SO0°F
RADIATOR

3.0 keet)
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radiators would incresse the powee capability
by about 8 kWe, but the added power was
believed not justified because of the reduction
in mission sueceas assurance which would be
incumdbylhouuoldeploydndhlm;
therelore, an early choice of intogval design
wais made. The compact converter system was
selected by the AEC! in preference to the diréet
radiating system largely because its greater ma.
terials efficiency required 40 percent lees reactor
power than did the latter af o slightly reduced
temperature; this former system thereby pro-
vided much greater reactor lifetime potential.
The thermoelectric system design i shown in
figure 6. A high degree of inherent redundancy
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COMPARTIENT
450 PRE-OMRAIIVE
FEAY SENTTION OCP / i wm.
T me W TOM PUAAP COLD-S1DE KADIATOR
.' ' N WEAT RENCTION LOGP
/ i} RRBIANR
D y ‘l )
s it / | 3
NEAT RENCTIONLO0P \
WRIFOLD 10) / ;
3 , AT REATTION LOGP
: . RABIARR
|38 e e
i Sy
' SIELND
5 - 5 PRNAY L00P
g e f SEACRUSHIELD
] ASSTARLY
~ ==—
b ;‘h—r—‘ i X :
S R
k=W povepurgt:
VAT REIECIONLOOP 1 2000 |
ARIFOLD (8 —/-: CONWTROL
oo NEANORECTNO-
ASSENmLY v
Piavea 6. —Integral compaet converter configuration.
mmm.pgm:ﬂ WEIGHT AND PERFORMANCE
thus avoids the thermal control problems of o Peatformante parameters and weights of the
liquid metal radiator. A rediator bypass con- . uiants are summarized in teble 4. Per-
trol valve is used for regulating power. The  formance parameters for the deployed-radiator
Brayton cy’e runs with comperstively low .4 o loeded version of the mercury Rankine
rediator

during the lunar Gight without this control.

system were the same &s those for the integral
design, except for masses, which were 31 600
pounds and 29030 pounds, i and

respectively,
separation distance for the off-loided sysiem,
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which is 900 feet. Nute that the mass of the
off-loaded system includes 1w« cvmplete prmer-
plants: each powetplant includes enly une pner
convefsion ~ystem.

REDUNDANCY AND MAINTENANCE AND
REPAIR

The technnlogy with which this study dealt
is not sufficiently mature to allow meaningful
veliability analyses of the conventionsl nature.
Nonetheless, reliability consideration: wese
necessary in order te attsin sppropriate con-
cepts for system redundancy. The technique
applied was a combination of engineering
judgment and comparative analysis. For ex-
ample, it was devided to provide two power
conversion systems cuouneciel to ¢ single pri-
wary loop for the mercury Rankine system.
The interface between the primary (reactor
heat removsl) loop and the secondary (power)
loop is the boiler. Hut NaR from the reactor
wanslers beat to boiling mercusy in o shell-
and-tube boiler. One potential faillure mode
is @ boiler leak, wherein the primary loop could
become contaminated with mercury and cause
permatient reactor shutdonn (mercury is &

oirong neutaon abiorher). A potential solu-
tion wenld be placement «f the boilers in
parallel in the primary lwp, with <hurolf
valien.  Huwever, this would require a setvenr
in onder to detect veey lom levels of menury
contamination and  zetvlenk NaK  valves,
neither of which is consudered to be nithin the
near-terin ~tate of the art  Therelure, this
sedution was rejevted ael the boilers wers
Plardsl i <eties the reult 1+ o simpler system
by wne requiring & high-mtegrity boiler, such
as & dible-containment desten

This apprvach alv ool oo <election of 1w
PORET conterdun  aVeteiis  connecind o
single primars bage for the Brayton <ystem
and to eight pomer convershen mvalules and
heat-rejeviion kuwps for the thermeelectriv
systews  Fur the merrury Rankine syotem,
substantial effirt man ala invested in analyeis
of the switchover problems which amwes in the
event of an unevpected failire of one of the
poner cunverionsystems.  The mamal startup
prwedure for the mervury Rankine syeteni i
fairly cwmpdes and oevupien everal hours
The pwineipal tradedf was betaren a “quik
restart” in whith an immediate ctartups of the
standby ~ystem woukd be smpbawved. with ne
change in reactor pawner level. avd a shutdown
and subequent restart of the standby system.
This is a very complea problem which would
require & transient thefraal and dynamic anal-
§+is for proper resolution.  Xu definitive final
cotrclusions were drawn.  Hum ever. the folluw-
ing factors were considered imjnortant:

(1) Certain kinds of failire can cause a raped
loss of capability of removing heat fnum the
reactor. Probabls the worst care is o falure of
the operating primary bop NaK pump or of
the turboaltemator abich provides ite drive
power. Somenhat less severe weuld be lose of
the mercury pump.

(2) In the event of such failures, the reactor
musi be protected from uver’emting. Some
cwabination of susiliary heat femoval, quick
response startup of the standby primary boop
NaK pump iif required) om susiliary power
end reactor prwer reduction, will be necomery
to provide adequate protection.

t3) It may be necemary to provide s resctor
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scram capability  Ihowmever this should be
avoided (in faver of we of the normal conteol
drum drives, if poible, sinwe seram ciremits
and contivds are rewpuinible for o large propot-
tion of inadvertent shutdvens of operating
reactor sy~téms.

14) If restant is to be del.yed. thermal prr
tection for the heat-rejection and lube-coadant
loops must be previded in the event that
shutdoan ecenrs during the luner night.

The conclimion nas reached oarly in the
study that manned maintes «ce and repair of
minve maintenance items » 4 be mandatory
for masimum miwien sus - sousance.  This
requires prusivicn of manned sevew to the
system (after a 2-day emddow n pericd).  Once
mannéd scciws has been pruvided, the additional
provisions requited for wajor maintenance and
repair dre relatively minor. Major mainte-
pance of repair implies replacemaent of & com-

ponent, which weuld regrire opening » liquid
or gas fon oop.  Although assurence of success
of such an operatin s somenhat donbiful, it
serves as & backup 1o 8 backup (redundancy . ¥
designy and s therefuie justifiable. Some
spwevific points are:

(1> Maintetianve or repair involving opening
the primery lwp of remeving any reactor
shielding is considered unfensible.

2) Tnvestigation of potential welding tech-
niques indiveted that semiautomatic techniques
employing either TIG or EB welding attach-
ments, nhich would be set up in pwition by
the sstronant. could bé developed with » high
sssurance of producing good welds.

(3) Maintenance and repair operations would
be restficted to the lunar day.  In the event of
s shutdown during the Junar night. an attéempt
would be made to start the backup system and
program s repeir activity later.
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TasLe 4.—Powerplant P:dmm Summary
; BNM'~8 I Canput Direct-
Panameter mdial Brmayton
‘I‘IB 'm:‘“

Electric power at base, BOL, kW..._ ... ... ... ... 3 204 200 a%se
Resctor thermal power, KW .. ... .. ... .. ... 404 841 07 182
Tota) syrtem mass, Ib...... . 32 880 *27 133 25 836 <21 440
Bhicld mase, Wb ... . ......... mmnAseammecarenanaan 14 000 13 500 13 800 12 300
Total mdistorares, A%, ... ... ... .l 2390 1 1500 1154 3400
Reactor outlet temperature, *Fo .. ....oeeooeo... * 1330 " 1300 1300
Mean radiator temperature (high-tempersture radiator},

L4 IR 574 498 870 k21
Oxeral) shermal efficiency, EOLs, pnconl .............. NN 3w 22 111
Towerto-mam vt W/Ib. ..o oveiivieae e 1.0 a3 Q778 210
Total radiator ares, f1? per elostriea kW . ... ... . ..... Qs nas 768 | M7
Separation distanee, ff. . oo ciiiiniaiiriiaranans 2300 3000 3780 2300

1
s ROL, ead of

' lndudu 7Y lb franaported with lunar shelter.
lucludes 1820 Ib transposted with shelter.
‘ Inaludes 1240 Ib transported vitb shelter.

¢ For buried reactor concepts tile separation distance l¢ about 900 fr.

(4) Because of the high degree of redundancy
provided in the thermoelectiric system, provi
sions weére mide only for manned access to
elec¢trical subsystems and reactor control drum
drives; these would not require opening flow

(5) In mest cases repair of failed components
would be imprectical; these components would
be discarded and replaced by spares. Innocsse
would a liquid-metal component be taken into a
lunar crew shelter.

(6) Timeline estimates indicate that two
asironants could replace a typical failed com-
ponent, the task including opening the loop and
welding in place the spare, in a 6-hour work
shift. These time lines are, however, ratherun-
certain at present, since they have not been
confirmed by task simulations.

Petential Medilications to SNAP-8

A number of modifications to the SNAP-8
Rankine cycle system, which are potentially
dmublefoﬂhemnmdlmmdmupphn-
mn, werestudied. Replacing both NaK puwmps
in the primary Joop with thermoelectric-mag-
petic pumps oz cooling all NaK pumps with NaK
rather than with lube oil are dairable modifics-
tions. Further study is required in order to

determine which of these two modifications is
preferred.

OPERATIONAL INTERFACES

One¢ of the most significant operational inter-
faces is that between the reactor power system
and thelunarenvironment. The principal prob-
leni arises during the lunar night when the
ambient temperature dmps to mnghly —-250°
F. H the powerplant is operating, the waste
thermal enevgy produced suppresses this prob-
lem. For the Rankine and thermoelectric
systems the heat-rejection temperature is suffi-
ciently high so that changes in the ambient
témperature have only a minoreffect. Asnoted,
the environmental day-night ¢ycle poses a con-
trol problem for the Brayton system.

During storage or downtime periods the
night environment (which lssts about 14 days)
is 2old enough to cause freezing of liquid metal
heat transfer agents. Ordinary NaK freeaes at
10° F; mercury at, —39° F; snd s special
NaK-cesium eutectic recently investigated for
low-temperature service freeaes at about —100°
F. It is anticipated, on the basis of laboratory
experience, that freeaing and ~ubsequent thaw-

ing of liquid metals in fiuid systems could result
in damage, leaks, or burst lines, and therefore
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such occurrences must he prevented. Several
méthods were studied; thewe are listed as follows:

(1) During atorage or extended downtime foi
the Rankine system, liquid metal in the pawer
and heat-rejection loops must be drained into
thermally insuluted storage vessels, where a
few watts of radioiictope heat will prevent
freezing.

(2) For all syatéms, the primaty loop can he
thermally insulated and maintained lignid by a
small radicisotape heater (or by reactor after-
heat following o power peviod). Thermal in-
sulation around the reactor shield must be re-
moved prior to initiel startup by an astronant
since the shield is radiatively cooled.

(3) An articulated thermal shroud, remotely
actuated, can protect the rudiator for shert
night-down periods of a few hours to a day orse,

(4) The Brayton system concept employed o
gas-¢cooled radiator so that only the primary
loop contains liquid metals.

(8) The thermoelectric system could be op-
erated at very low power with the radiator
shroud in place during the storage period. This
is possible because the liquid metals are cir-
culated by thérmoelectric pumps rather than by
dynamic pumps (which require electric power)
as in the Rankine system.

Crew participation during startup and op-
eration of these systems would be minimal.
Some initial installation tasks, such as laying
the power cable from the plant to the base and
emplacing the power conditioning and control
electronics package, is required. These re-
actor systems have been designed for remote
automatic startup und operation and there is
no compelling reason for changing this method.
Monitoring of key red-line parameters by the
aew would be desirable, with override capa-
bility provided. Most system measurements
would be telemetered diréctly to Earth.

Crew activities for maintenance and repair
were previously discussed in terms of system
design and reliability philosophy. Some famili-
arity with the syatem by the crew would be
necessary. It is likely that most skills required
for maintenance and repair would be of a gen-
eral nﬁhty nature applicable to much of the
mission equipment for lunar exploration. In
the event of a failure, it seems likely that the

EXTRACERRESTRIAL RESOURCES

beat approach would be to rely heavily on con-
sultation with appropriate specinlists in mission
conttol on Earth. Attempting to give crew
members npecial training in coping with failures,
the nature of which is not acenrately predictable
and the time of which would probably oceur
many menths after the training period, is of
dubious value at best,

A vuriety of methods of simplifying power
system operations during preoperatinnal stor-
age, atavtup, shutdown, and switching to a
redundant power conversion aystem were
studied, Within the relutively small effort
allotted, the renults showed few methads that
weee significont,  More detniled study will be
requived in ofder to determine whether the
degree of simplification obtainable from po-
tentially desirable modifications is significant,

The only modifieation considered absolutely
esaentiul is the use of a 4¢ shield azound the
reactor.

Growth

The SNAP-8 mercury Runkine system
appears capable of substantial uprating, should
requirements materialize for more power for
lunar operations (e.g., processing of lunar
resources). Radiator area incteases slightly,
from 1390 to 1450 ft?, a size still within the
nominal payload envelope. System mass is
increased by about 4000 pounds. The power
incrense comes primarily from increased com-
ponent efliciency and reductions of parusitic londs.

The other systems are limited with respect to
radiator area. The payload envelope employed
for this study is not a rigid limit, and more
radiator area could be provided for intégral
system designs. The pénalty for doing so is
increased semsitivity of the launch vehicle to
ascent wind loads and corresponding reductions
in launch probability (probably not significant
for this mission). The largest payload envelope
which has been studied in detail for the standard
Saturn V is the Voyager shroud, which was
analyzed in connection with Veyager-Satum V
studies, This envelope would increase available
radiator area by roughly 1000 ft*. For the
compact converter thermoelectric system, net
power could be increaséd to about 30 kWe,
with reactor power of 870 kilowatts and totul
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system mass of 36000 pounds. For the
Brayton system, increased radiator area could
be used in order to improve cycle efficiency at
constant reactor power and thus provide sbout
34 kWe; or the system could be scaled up in
proportion to the increased radiator area,
thereby providing about 45 kWe at a reactor
power of 300 kilowntts. System mass does not
appear to be a problem, but detailed estimates
were not made.

CONCLUDING REMARKS

A reluted type of nuclear power, radio-
isotopes, has rot been discussed in the present
paper. Isotope power (about 70 watts electric)
will be used on the Moon to power the Apollo
lunar science experiment package which will be
emplaced on the Moon by astrunauts during
Apollo missions. However, isotupe power is
not likely to be used ut the 20-to-30-kWe level
because of limitations in the available supply.
At this power level, reactor power has another
significant advant:ge over isotope pewer; the
nuclear fiuel in a reactor is essentially non-
radioactive prior to startup. Isotope heat
sources, although much easier to shield thanis a
reactor, are highly rudioactive and present
launch hazards. These hazards are quite
manageable at power levels in use today but
become more difficult at high power.

There seems listle doubt that reactor power
systems based on technology under development
toduy could be developed for practical operation
as the electric generating plant of a lunar
outpost. Packaged reactor power is used today
in remote regions such as the Antarctic. The
expense of conducting lunar operations will
place s great premium on powerplant reliability
and lifetime. A year of operational life is about
the minimum usable, and 3 to 5 years would be
desirable. The lunar crew can contribute to
this goal by maintenanive and repair activities,
but a mature technology base 7 : required.

The following conclusions can be derived
from this study:

(1) Reactor power is the preferred energy
source for lunar exploration missions wherein
extended (more than 6-month) operations on
the lunar surface will require power levels of
15 kWe or greater.
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(2) Missions can be designed so that failure
of tiie power system will not cause loss of
crews, but termination of the missions after
such failure is implied. The cost of such
missions will place u great premium on assur-
ance of power system opeaation for its design
life. This assurance can best be provided by
combination of technology maturity, redun-
duncy, and provision for mai ned maintenance
and repair.

(3) Technology presently under develop-
ment—the SNAP-8 reactor and any of the
three power conversion systems analyzed—
is capable of meeting presently visualized
mission requirements for lunar surface
operations.

(4) It would be premature to make a choice
now or in the near future as to the preferred
power conversion concept. The thermoelec-
tric concept at present appears to offer the
greatest assurance of success, but this is partly
due to its comparatively greater technological
maturity. The thermoelectric system’s great-
est weakness is its relative inability to provide
growth to Ligher power levels. In this regard,
the Rankine system excels. Although it is net
anticipated at present that power levels much
in excess of 25 kWe will be demanded by
lunar surface operations, some missions an-
alysts (but not the suthors of the present
paper) are enthusiastic about the eventual
potential of lunar resource utilization. If they
are proven correct, power demands in the
neighborhood of 100 kWe will occur.

(5) In the case of the SNAP-8 mercury
Rankine system, several modifications were
identified (some ounly tentatively) which would
fmprove mission success assurance. Notable
among these was a double-containment boiler.
The use of thermoelectric-maguetic TEM
pumps in the primary loop also appears
promising.

(6) Design concepts employing deployed
radiators, or off loading of the system with
attendant manned surface operations burdens,
do not provide performance gains commensu-
rate with their operational problems and deg-
radation of mission success assurance. Integral
designs are therefore strongly favored.

This last conclusion is somewhat dependent
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upon a ground rule of this study, that shielding
advantage of local lunar terrain was not to
be available. In the writers’ ‘pinion this is
a valid ground rule; however, ii is a disputable
point. If the powerplant were to be located
in a local depression (i.e, small crater),
radiation dese to the base crew and perhaps
shield mass could be reduced. Off loading
of an integral system (this does not imply
construction and assembly as did the buried-
reactor off-loaded system) would make possible
the use of a smaller depression than otherwise
and might be advantageous. Note, however,
that: (¢) this implies an off-loading system
capable of handling the entire powerplant
mass and (§) use of a depression will worsen
the daytime thermal environment experienced
by the radiators.
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